Abstract-One novel dielectric conformal finite-difference timedomain (FDTD) method is used for computing specific absorption rate (SAR) distribution over the human body model in one metallic cabin with some windows on its wall. It is based on the concept of area average, which is different from other traditional conformal FDTD schemes. Our developed algorithm is verified by calculating both point and average SARs of dielectric sphere and human head models illuminated by an intentional electromagnetic pulse (IEMP), respectively, and CST Microwave Studio (MWS) also used for validating its accuracy. Numerical calculations are further performed to show the average SAR distribution over the human body model for different IEMP incidences, where the cabin door is opened or closed. The effects of E-field amplitude, direction and polarization of the incident IEMP on the SAR distributions are characterized in detail. This study will be useful for further electromagnetic protection for some persons working in high power exposure environment.
Abstract-One novel dielectric conformal finite-difference timedomain (FDTD) method is used for computing specific absorption rate (SAR) distribution over the human body model in one metallic cabin with some windows on its wall. It is based on the concept of area average, which is different from other traditional conformal FDTD schemes. Our developed algorithm is verified by calculating both point and average SARs of dielectric sphere and human head models illuminated by an intentional electromagnetic pulse (IEMP), respectively, and CST Microwave Studio (MWS) also used for validating its accuracy. Numerical calculations are further performed to show the average SAR distribution over the human body model for different IEMP incidences, where the cabin door is opened or closed. The effects of E-field amplitude, direction and polarization of the incident IEMP on the SAR distributions are characterized in detail. This study will be useful for further electromagnetic protection for some persons working in high power exposure environment.
INTRODUCTION
Metallic cabins or enclosures have been widely used for protecting various electronic circuits and communication systems from the attack of certain intentional electromagnetic pulse (IEMP), which can be generated by high-power antennas, nuclear explosions and highly directed electromagnetic weapons [1] , etc. In their practical applications, one door and some windows have to be introduced on the cabin wall, which provide directive coupling paths for an IEMP, resulting in serious degradation in their protecting or shielding effectiveness. Therefore, in the past two decades, some theoretical and experimental studies have been carried out for the design of metallic rectangular cabins with high protecting effectiveness, together with their inner field prediction using the method of moments (MoM) as well as finite-difference time-domain (FDTD) method [2] [3] [4] .
On the other hand, we know that some very effective threedimensional (3-D) FDTD algorithms have been reported recently for predicting biological effects due to electromagnetic exposure, in particular for SAR computation of the human head or body in the presence of a non-intentional electromagnetic radiation [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . However, it must be understood that, in order to obtain an accurate SAR solution for the human head or body using the FDTD method, the spatial mesh size should be small enough so as to effectively suppress its staircase errors. Under such circumstances, both sub-gridding and conformal FDTD methods can be used for improving their simulation efficiencies [18] [19] [20] [21] [22] [23] [24] . On the other hand, we have to say that the former is difficult for eliminating reflection from the boundaries between coarse and fine cells, and it often introduces an unexpected unstable problem. The conformal FDTD method, adopting the Yee's cells and keeping the original computational domain and time steps, can be employed to handle one three-dimensional object with an arbitrary geometry. However, in the presence of an IEMP with high power, using the conformal FDTD method to compute the SAR distribution of the human body inside one metallic cabin with large sizes has not been reported yet, which is very important for carrying out an effective electromagnetic protection for people working in one complex electromagnetic environment. That is the main motivation behind this study.
In this paper, one modified dielectric conformal FDTD method is used for computing SAR distribution of a human body in a large metallic cabin, in which magnetic grid is adopted and effectively constitutive parameters of the conformal cells are obtained by the weighted-area of dielectric and free space. The predicted SAR distributions of both dielectric sphere and human head models obtained by our method agree well with those of CST Microwave Studio (MWS). We further apply this conformal FDTD method to compute SAR distributions of the human body model in one metallic cabin with large sizes illuminated by an external IEMP for different power levels, incident directions and polarizations. Figure 1 shows the geometry of a large metallic cabin with one person working in it. The parameters W 1 , W 2 , L 1 , L 2 and H are the rooftop width, floor width, rooftop length, floor length, and cabin height, respectively. The cabin has one door and several windows with different shapes, and it is illuminated by single or even double IEMPs with different power levels, incident directions and polarizations. In Fig. 1 , the incident IEMP is assumed to be an ultra wideband pulse (UWBP), and its incident E-field can be described by a tripleexponential function as given by [25] 
PROBLEM DESCRIPTION
where one set of typical values of the coefficients a (p) , b (p) , t (p) and τ (p) is summarized in Table 1 . This triple-exponential UWBP is one typical waveform used in some high power EMP weapons. Figure 2 . The adopted conformal mesh in the x-direction.
NUMERICAL METHOD

Dielectric Conformal Technique
As shown in Fig. 2 , different from the PEC conformal technique [29] , we treat the FDTD cells on the curved object surface according to magnetic grids instead of electric ones. The dashed lines in Fig. 2 show the perpendicular-x-direction face of one conformal mesh, whose central coordinates are denoted by (i + 1/2, j, k). It is further used to modify permittivity and conductivity of the cutting face (i + 1/2, j, k) which is related to the updated electric field component of E x . In Fig. 2 , only one quarter of conformal face is in the Yee's cell. In practice, the whole conformal mesh face should be in four neighbouring cells. We further plot the conformal mesh face as shown in Fig. 3(a) , where S (1) is the area of Medium 1 in it; {ε 1 , σ 1 } and {ε 0 , σ 0 } are the permittivities and the conductivities of Medium 1 and free space, respectively. Fig. 3(b) shows the face of modified mesh in Fig. 3(a) , where S is its area. Therefore, both effective permittivity ε i.e.,
Further, the time stepping irritation of E x (i + 1/2, j, k) can be derived according to the conformal meshes as given by:
where
Following the similar procedure used above, both effective permittivities {ε eff y , ε eff z } and conductivities {σ eff y , σ eff z } can also be calculated. Therefore, the update equations of E y (i, j + 1/2, k) and E z (i, j, k + 1/2) can be derived. As the media involved are nonmagnetic, it is not necessary to modify the H-field iteration equations in our conformal FDTD method. For the cells which are totally in Medium 1, the corresponding E-field iteration equations are the same as those in the traditional FDTD method.
Computation of SAR
Having obtained the E-field values in the FDTD domain, we can compute the point SAR as follows:
where ρ is the medium density [26] . We use the coordinates (i + 1/2, j + 1/2, k + 1/2) to represent the real centre of the cell. The conductivities of conformal meshes in the x-, y-and z-directions are computed above, together with the E-field values obtained by the FDTD iteration. These computed E-field results are just located on the centre of the FDTD cells edges, however, the SAR computation needs both E-field and conductivity results of the whole cell. Thus, we need to introduce interpolation schemes to get the corresponding E-field values and conductivities on the centre of the FDTD cells.
It is evident that, when the cells are totally in Medium 1, σ x , σ y and σ z should be the ones of Medium 1 in the x-, y-and z-directions, respectively. Therefore, we compute E x , E y and E z by
When the cells are in the conformal ones, we compute σ x , σ y , and σ z by using
and E x , E y and E z in (7) are computed by
where N x , N y and N z are the numbers of edges totally or partly in Medium 1 in the x-, y-and z-directions, respectively. In particular, when the edge is totally or partly in Medium 1, B = 1, and otherwise, it is zero. In this way, we exclude the E-field values totally outside Medium 1, which are easy to introduce additional errors at the object interface in the SAR computation.
Having obtained the point SAR values of all cells in the model, the average SAR can be computed by averaging them over the cells involved. For practical application, we need to compute point SAR, 1 g SAR and 10 g SAR inside the human head or the whole body model, respectively. The averaged SAR over a reference mass 1 g and 10 g are computed according to the method described in [28] .
NUMERICAL RESULTS AND DISCUSSION
Based on the above dielectric conformal FDTD method, numerical algorithm is developed for SAR computation, with its accuracy verified at first. Fig. 4(a) shows the computed point SAR distribution at x = 0 plane of one dielectric sphere with mesh size ∆x = ∆y = ∆z = 2 mm illuminated by a sinusoidal electromagnetic (EM) wave of frequency 600 MHz. Its diameter is set to be 20 cm, the centre of sphere is at the origin of coordinate system. The results obtained by commercial software CST are also plotted in Fig. 4(b) for comparison. The relative permittivity, conductivity and mass density of the dielectric sphere are chosen to be ε r = 45.2, σ = 0.88 S/m, and ρ = 1000 kg/m 3 , respectively, which are similar to the physical constants of human tissue liquid [27] . The incident EM plane wave propagates along the z-direction, with its polarization in the x-direction and power density of 10 W/m 2 . The time step is ∆t = ∆x/2c, where c is the light speed in free space. Ten-layered PML [26] is implemented for our computation.
To check the accuracy of our conformal FDTD method with coarse meshes used, Figs. 5(a) and (b) further show the point SAR obtained by our conformal FDTD method, the traditional FDTD method and CST. Two FDTD meshes are chosen for computation, i.e., ∆x = ∆y = ∆z = 2 and 5 mm. Our conformal FDTD method adopts the 5 mm cell size, and it agrees well with the traditional FDTD with the mesh of 2 mm. In particular, it can generate accurate results at the sphere boundary of 0 and 200 mm, where the traditional FDTD method cannot predict the point SAR accurately. In Fig. 5(a) , due to the effect of computation accuracy, the traditional FDTD results do not coincide with conformal FDTD or CST results very well from 90 mm to 110 mm at the centre of sphere, where there is a peak of the point SAR results.
To further quantify the accuracy of our method, we compute the maximum and average relative SAR errors of the results shown in Fig. 5 and the relevant 2 mm mesh size conformal method results shown in Fig. 4(a) , which are defined by:
and where N is the total cell number added in the numerator in (18) . Both of them are summarized in Table 2 for comparison. According to Table 2 , we can see that our conformal FDTD method has less relative errors and better accuracy than that of traditional FDTD method even using 5 mm meshes. The wavelength of the 600 MHz sinusoidal EM wave in the dielectric sphere of ε r = 45.2 is about λ d = 7.44 cm, and therefore λ d /10 = 7.44 mm. Actually, if the incident wavelength is longer than λ d /10, the accuracy of our method is better than that of the traditional FDTD method. We now study the case of one human head model as shown in Figs. 6(a)-(d), which is illuminated by a sinusoidal EM wave of frequency 300 MHz and power density 10 W/m 2 . The model is provided by the CST MWS, and it is also filled with the human tissue liquid, characterized by relative permittivity ε r = 45.3, conductivity σ = 0.87 S/m [27] , and mass density 1000 kg/m 3 . The head centre is set at the origin of coordinate system. The incident plane wave propagates along the z-direction, and its polarization is in the xdirection polarization. In our conformal FDTD computation, the cell size is chosen to be ∆x = ∆y = ∆z = 2 mm, the time step is ∆t = ∆x/2c, with 10-layered cell size PML used. In Figs. 6(a)-(d) , it is observed that the maximum SAR appears at the back side of skull, as it is illuminated by the plane wave from the z-direction. Besides, the both maximum SAR and SAR distribution results obtained by the described method have good agreement with those of CST MWS. The difference of maximum SAR value between our table method and CST is smaller than 0.59%.
As the incident plane wave in Figs. 6(a)-(d) is replaced by an UWBP as described by (1), with its E-field amplitude increased from 200 to 1000 V/m gradually, Fig. 7 shows the maximum point SAR, 1 g SAR, 10 g SAR at the back side of skull of the human head model obtained by conformal FDTD method and that of CST MWS corresponding to f = 300 MHz. The human tissue is dispersive medium, and its constitutive parameters are all frequencydependent and can be treated by differential-equation approach [30] . Here, we consider our concerned frequency f = 300 MHz. For the UWBP incidence, we transform its transient electric field values into frequency domain, and then calculate the SAR results according to the normalized E-field values at f = 300 MHz. As shown in Fig. 7 , the maximum values of point SAR, 1 g SAR, and 10 g SAR all increase monotonously with increasing the E-field amplitude of the incident IEMP.
Further, our attention is focused on the metallic cabin in Fig. 1 illuminated by an UWBP for different incident directions and polarizations, and one human body model is located at the middle of the cabin floor. The cabin model is developed according to one realistic warship platform. Its geometrical parameters, together with one door, several windows and body sizes, are all given in Figs. 8(a) and (b) . Certainly, the cabin structure can be based on other designs for real applications, and the incident IEMP can take other forms. The model is also filled with the human tissue liquid, characterized by ε r = 45.3, conductivity σ = 0.87 S/m [27] , and mass density ρ = 1000 kg/m 3 . In our computation, the FDTD cells are set to be ∆x = ∆y = ∆z = 1 cm, and we now consider two important cases as follows. 
Cabin Door Is Opened
We choose the incident UWBP amplitude to be 200 V/m, and it propagates (a) in −x-and (b) −y-direction, respectively. Figs. 9(a) and (b) show the computed 10 g SAR of the body model at f = 300 MHz. In Fig. 9(a) , it is observed the right leg and neck parts absorb more incident EM energy than the other one of the body model. In Fig. 9(b) , the front of body model absorbs more electromagnetic energy as the door is opened, and the maximum value of 10 g SAR is located at the throat region, which is about 0.9 W/kg. In Fig. 9(b) , as the E-field amplitude of the incident UWBP is increased from 200 to 400, 600, 800 and 1000 V/m, respectively, the maximum point SAR and 10 g SAR are observed at the throat region, both increases monotonously as shown in Fig. 10. 
Cabin Door Is Closed
As the door is closed, we assume that the door and the front wall of the cabin is a continuous perfectly conducting surface. The incident UWBP, with its E-field amplitude 200 V/m assumed, propagates in −x-and +y-directions, respectively. The computed 10 g SAR of the body model at f = 300 MHz is plotted in Figs. 11(a) and (b) , respectively.
In Figs. 11(a) and (b), as the cabin door is closed, inner selfresonance modes inside the metallic cabin can be easily excited during the UWBP illumination, and the EM energy stored distributes in one standing wave form. Under such circumstances, hot regions over the body model are directly related to the inner self-resonance modes, which result in the body model absorbing more EM energy than that the case of door is opened. The maximum SAR value in Fig. 11 (a) appears over the right ankle of the body model, and it is similar to that in Fig. 9(a) . The corresponding maximum SAR value here is about 1.48 W/kg, which is larger than that of 1.08 W/kg in Fig. 9(a) . In Fig. 11(b) , the nape and both eyes of the body model absorb more EM energy than that of the other body parts, and the maximum SAR value at the nape is about 1.1 W/kg. As the incident UWBP propagates towards +y−direction, and its E-field amplitude is further increased from 200 to 1000 V/m, the (a) (b) Figure 13 . The 10 g SAR values at f = 300 MHz over the body model recorded at y = 0 plane. (a) The incident UWBP propagates towards +x-direction, with its polarization in +y-direction, and (b) the incident UWBP propagates towards +x-direction, with its polarization in +z-direction.
recorded maximum point SAR and 10 g SAR values at the nape are shown in Fig. 12. 
Incident UWBP Polarizations
As the cabin door is closed, we suppose the incident UWBP propagates in the +x-direction, with its E-field amplitude 200 V/m chosen, but its polarization is in +y-and +z-directions, respectively. The 10 g SAR values over the body model recorded at y = 0 plane are plotted in Figs. 13(a) and (b) , respectively.
It is observed that the 10 g SAR distributions are also sensitive to the variation of the incident UWBP polarization. In Fig. 13(a) , the front and back side parts of the body model absorb more EM energy. For example, the maximum SAR values of the nose and hip parts are about 0.09 and 0.1 W/kg, respectively. In Fig. 13(b) , the maximum SAR value appears at the throat part, which is about 0.92 W/kg.
CONCLUSION
In this paper, we have used one novel dielectric conformal finitedifference time-domain (FDTD) method for predicting specific absorption rate (SAR) distribution of the human body model in one metallic cabin of large geometry, which is illuminated by an intentional electromagnetic pulse (IEMP) with high power. Our improved conformal FDTD method introduce some effective dielectric parameters using the area average concept related to magnetic mesh to modify the E field update equations, and it is different from the traditional ones. Our developed conformal FDTD algorithm has been verified by calculating both point and average SAR distributions of dielectric sphere and human head models, respectively, where traditional FDTD method and commercial software CST MWS have also been used for accuracy comparison in the maximum and average relative errors of the computed SAR values. Numerical calculations are further carried out to capture the maximum SAR values over the human body model located in one large metallic cabin for different intentional UWBP incidences. It is believed that this study can provide some important information for electromagnetically protecting some persons working in high power exposure environment on certain large platform.
